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(Ga,Mn)As is a paradigm diluted magnetic semiconductor which shows ferromagnetism induced 
by doped hole carriers. With a few controversial models emerged from numerous experimental and 
theoretical studies, the mechanism of the ferromagnetism in (Ga,Mn)As still remains a puzzling 
enigma. In this Letter, we use soft x-ray angle-resolved photoemission spectroscopy to positively 
identify the ferromagnetic Mn 3d-derived impurity band in (Ga,Mn)As. The band appears hy- 
bridized with the light-hole band of the host GaAs. These findings conclude the picture of the 
valence band structure of (Ga,Mn)As disputed for more than a decade. The non-dispersive char- 
acter of the IB and its location in vicinity of the valence-band maximum indicate that the Mn 
3(i-derived impurity band is formed as a split-off Mn-impurity state predicted by the Anderson im- 
purity model. Responsible for the ferromagnetism in (Ga,Mn)As is the transport of hole carriers in 
the impurity band. 

PACS numbers: 75.50.Pp, 71.55.-i, 71.55.Eq, 79.60.-i 



Ferromagnetic diluted magnetic semiconductors 
(DMS) are formed by substitution of several percent 
of cation sites in a host semiconductor by magnetic 
impurities. Because the carriers in DMS are consid- 
ered to mediat^ the magnetic interaction between the 
magnetic ions [1], these materials are of key importance 
for "spintronics" aiming at development of advanced 
functional devices to control the spin degree of freedom 
of the carriers. Due to the mediation mechanism, the 
ferromagnetism in DMS is called carrier-induced ferro- 
magnetism. This mechanism arms with the capability of 
manipulating both the electron charge and spin degrees 
of freedom in functional spintronic devices. The III-V 
based DMS (Ga,Mn)As is a prototype ferromagnetic 
DMS, which has been intensively studied from both 
the fundamental and applicational points of view 
Although the Curie temperature (Tc) of (Ga,Mn)As is at 
present lower than the room temperature, applications 
of (Ga,Mn)As to functional spintronic devices have been 
established. 

Understanding the mechanism of the carrier-induced 
ferromagnetism is of paramount importance for further 
development of the spintronic device applications with 
DMS. Several theoretical models for the carrier-induced 
ferromagnetism in (Ga,Mn)As have been proposed jl|. 
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In the limit where the hole carriers are considered nearly 
free or itinerant, the Zener p-d exchange model has been 
suggested based on mean- field theory point of view [sl, Q . 
Here, the Mn 3d acceptor level is located above the Fermi 
level (£^f) and merges into the valence band (VB) of 
the host GaAs through its hybridization, leading to the 
exchange-split VB of host GaAs crossing Ep. This model 
can explain the carrier-concentration dependence of Tc 
measured on an electric-field transistor structure using 
(Ga,Mn)As [5]. In the opposite limit where the hole car- 
riers are strongly localized around the magnetic impurity, 
the Mn 3d impurity band (IB) model has been proposed 
0- Here, in contrast to the Zener model, the IB in- 
tersects Ep. This model can explain the experimental 
results of vacuum-ultraviolet angle-resolved photoemis- 
sion spectroscopy (ARPES) [8], hard x-ray ARPES [H 
and optical spectroscopy suggesting that E^ resides in 
the IB [10], as well as the results of resonant tunneling 
spectroscopy indicating that E^ is located above valence- 
band maximum (VBM) of the host GaAs and the GaAs 
valence states remain mostly unchanged 0, 0]. Ad- 
ditionally, as a model bridging from the localized hole 
carriers to the delocalized hole carriers causing the fer- 
romagnetism, percolation theory of bound magnetic po- 
larons (BMPs) has been proposed [l3|, [ij] . The model 
well explains the temperature dependence of the trans- 
port property of (Ga,Mn)As with low-carrier concentra- 
tion [14], and is likely relevant to an understanding of 
the nanoscale phase separation [5j] and inhomogeneous 
growth of magnetic domains near Tc [HI • 
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A Gai-a^Mn^^As {x = 0.025) thin film with a thickness 
of 100 nm was grown on a GaAs(OOl) substrate at 275 
°C under ultra-high vacuum by molecular beam epitaxy 
method. To avoid surface oxidation, after the deposi- 
tion of Gai-a^Mua^As layer the sample was covered by 
an amorphous As capping layer, to produce a structure 
As/Gao.975Mno.o25As/GaAs(buffer)/GaAs(001). The 
Curie temperature Tq of our sample was ~ 35 K as 
determined by the Arrott plot of the magnetic circular 
dichroism. The SX-ARPES experiments were conducted 
at the SX-ARPES end station of the ADRESS beamline 
in Swiss Light Source [16]. In the range from 350 
to 1000 eV, the combined beamline and analyzer energy 
resolution including the thermal broadening varied from 
50 to 150 meV. The analyzer slit was oriented to lie in 
the measurement plane. The measurements used linear 
vertical (p) and horizontal (s) polarizations of incident 
beam. The measurements were performed at a temper- 
ature of 11 K under ultrahigh vacuum of 5.0 x 10~^^ 
mbar. The Mn ^2,3 XAS spectra were measured in the 
total-electron-yield mode. 

Our Gai-a^Mn^^As (x = 0.025) thin-film sample was 
capped by an amorphous As layer, which well protects a 
GaAs underlayer against oxidization, exposure to deion- 
ized water, and annealing up to 180 °C [17]. In this 
report, we demonstrate that the use of soft x-ray (SX) 
ARPES with photon energies hu towards 1 keV al- 
lows the observation of the bulk band dispersion of the 
Gai-a^Mua^As underlayer through the amorphous passi- 
vation layer, with any contributions from their interface 
being hardly seen in the spectra [l8|. Hereafter, we shall 
focus on the bulk electronic structure of (Ga,Mn)As seen 
in our SX-ARPES experiment. 

Figure [1] shows the binding energy (Eb) vs. momen- 
tum {k) plots along the F-K-X symmetry line of the Bril- 
louin zone measured with p- and 5-polarizations at hu 
of 890 eV. Due to the wavefunction symmetry proper- 
ties, the light-hole (LH) and split-off (SO) bands of the 
host GaAs show up with the p-polarization [Fig. HJa)], 
whereas the heavy-hole (HH) band pops up in the image 
taken with the 5-polarization [Fig. [I{b)]. The LH and 
HH bands become almost degenerated along the F-X-F 
line, as shown in Fig. [T]^c). These dispersive bands form 
the band manifold characteristic of the GaAs band struc- 
ture. Our results are qualitatively consistent with the 
previous ARPES experiments and band calculations on 
GaAs [19-21]. Figures [T]^d) and [TJe) display the energy 
distribution curves (EDCs) along the F-K-X symmetry 
line around the F point with p- and s-polarizations, re- 
spectively. Note that although the LH and HH bands 
approach in the vicinity of the F point, they do not 
intersect even at their top. The same is observed 
along the F-X-F line as shown in Fig.lTJc). These results 
set unambiguous evidence that the VBM of host GaAs 
is located below E^^ which is consistent with the results 
of resonant tunneling spectroscopy [ll| and immediately 
dismisses the Zener p-d exchange model [3|, |^ . Further- 
more, we note a small but finite spectral weight at E^, 




-1.5 -1.0 -0.5 0.5-1.5 -1.0 -0.5 0.5 -2.0 -1.0 
k//{2^2n/a) k//(2^2n/a) k//(2n/a) 




I I \ I ■ "1—^4^ I I I ■ I I I I w^.^ 

2.0 1.0 -1.02.0 1.0 -1.02.0 1.0 -1.0 

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) 



FIG. 1: Band dispersion near the F point in (Ga,Mn)As. The 
incident photon energy is hu = 890 eV. (a),(b) ARPES images 
along the F-K-X line measured with p- and s-polarizations, 
respectively. The light-hole (LH) and split-off (SO) bands 
are clearly seen with the p polarization, while the heavy-hole 
(HH) band is active with the s polarization, (c) ARPES im- 
age along the F-X-F line, (d)-(f) Energy-distribution curves 
(EDCs) around the F point corresponding to (a)-(c). The 
vertical bars are guides for the eyes tracing the spectra struc- 
tures. The Fermi level position has been measured with Au 
foil in electrical contact with the sample. 



which is a direct observation of finite density of states at 
in (Ga,Mn)As. This fact has been missed by all pre- 
vious photoemission experiments including in- situ ones 
I, §, S [^] and is consistent with the metallic conduc- 
tivity of (Ga,Mn)As. This observation warrants that the 
SX-ARPES measurements with their enhanced probing 
depth reflect the bulk electronic structure of (Ga,Mn)As. 
No signal from the Mn Zd states can be distinguished 
from the VB of host GaAs in these spectra taken at high 
hv. 

The energy position of the Mn 3(i states in VB has 
intensively been debated for more than a decade. To 
address this issue, we have conducted resonant angle- 
resolved photoemission spectroscopy (r-ARPES) at the 
Mn L3 absorption edge. r-ARPES is known to probe the 
element-specific band dispersion of open-shell doi f elec- 
tron systems [24, 25]. Figure[2ja) shows the x-ray absorp- 
tion spectroscopy (XAS) spectrum at the Mn ^2,3 edges 
of the sample. Previously, the magnetic-field {H) depen- 
dence of x-ray magnetic circular dichroism (XMCD) has 
demonstrated that (Ga,Mn)As includes two kinds of Mn 
components: The intrinsic one, which is most likely due 
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FIG. 2: Resonant angle- resolved photoemission spectroscopy (r-ARPES) spectra at the Mn L2,3 edge in (Ga,Ma)As. (a) 
Mn L2,3 XAS spectrum. The red and blue vertical dashed lines correspond to the resonant hv for the ferromagnetic and 
paramagnetic components, respectively, (b)-(e), (f)-(i) r-ARPES images taken in a series of at hv from 638 to 642 eV with s- 
and p-polarization, respectively, with the hv points are shown as rhombi in the inset of Fig. (a). All the images are represented 
in 2nd derivative along Eb and the intensities are plotted in logarithmic scale to emphasize the resonance enhancements. (j),(k) 
Resonant EDCs around the F and at the X points taken with p- and s-polarizations, respectively. The red curves are the EDCs 
for = 640 eV, the blue ones for hu = 640.5 eV. The green areas denote differences between the red and blue curves. 



to ferromagnetic substitutional Mn ions including part 
of paramagnetic interstitial Mn^+ ions, and the extrinsic 
one, which is due to paramagnetic oxidized Mn^+ ions 
segregated in the surface region [lH, [26| . The XAS peak 
position of the ferromagnetic intrinsic Mn component of 
640 eV is different from that of the paramagnetic extrin- 
sic one of 640.5 eV [red and blue vertical lines in Fig.[2fa)] 
[m . Accordingly, the resonance enhancement of ARPES 
measured at hv = 640 eV should be relevant to the in- 
trinsic components, while the r-ARPES spectrum taken 
at hu = 640.5 eV should have almost zero contribution of 
the ferromagnetic states. Therefore, comparison between 
the r-ARPES spectra taken at 640 eV and 640.5 eV will 
reveal the Mn 3d states of the intrinsic origin which are 
responsible for the ferromagnetism. 

Figures [2lb)-|2je) show a series of r-ARPES images 
measured on our (Ga,Mn)As sample under variation of 
hu with s-polarization (no shift of the band dispersion 
could be seen in the spectra taken at different Brillouin 
zones). The resonance at hu = 640 eV also enhances 
the intensity around Eb ^ 3 eV, which is due to the 
well-known main peak of the Mn 3d partial density of 
states [23|. Most important to note in the evolution of 
the r-ARPES images is the Mn 3(i-derived IB which pops 
up at hu = 640 eV in the vicinity of Ep, as shown in 



Fig. [2fc), due to the resonance enhancement at the exci- 
tation energy of the ferromagnetic intrinsic Mn compo- 
nent, not paramagnetic extrinsic Mn oxides. Conversely, 
the r-ARPES image in Fig. [^d) taken at hu = 640.5 
eV, which resonates with the paramagnetic Mn compo- 
nent and is non-resonance for the intrinsic one, shows 
only an afterglow of the IB near E^ and another non- 
dispersive resonant projection occurs around Eb ~ 4 eV. 
We note that the existence of the IB has been reported 
in previous ARPES measurements on (Ga,Mn)As with 
vacuum-ultraviolet rays {hu = 18 — 40 eV) [H and hard 
x-rays [9] but the location of the IB was deeper (~ 0.4 eV 
below Ey) than in our observation and overlapped with 
the VBM. Furthermore, theoretical calculations subse- 
quent to the vacuum-ultraviolet ARPES [8] suggested 
that the IB originated from the interstitial Mn impu- 
rities [23. The present observations give unambiguous 
evidence that the IB is in fact located near the VBM and 
formed by the intrinsic Mn ions directly related to the fer- 
romagnetism in (Ga,Mn)As. Even though the intrinsic 
Mn components include not only the Mn ions substitut- 
ing for the Ga site but also partly interstitial Mn ions 
antiferromagnetically coupled to the substitutional Mn, 
influence of the interstitial Mn is minor in the r-ARPES 
spectra because the amount of the interstitial Mn ions is 
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only ~ 10% of the total amount of Mn ions in (Ga,Mn) As 
^28j . We note that although the spectral weight seen at 
is small, it must be non-zero because of its disordered 
character of the IB which introduces energy broadening 
of this band with its high-energy tail approaching E^. 

In addition, incident light polarization dependence of 
the r-ARPES signal sheds light on details of the hy- 
bridization between the Mn 3d orbital and the ligand 
bands. Figure Effj-EJ^i) shows the Mn L3 r-ARPES se- 
ries of the (Ga,Mn)As sample taken with p-polarization. 
The off-resonance image taken at hu = 638 eV shows 
the LH band of host GaAs over the background of non- 
dispersive amorphous As states, as shown in Fig. Eff). 
The hu = 640 eV resonance of the ferromagnetic in- 
trinsic Mn component enhances the Mn 3(i-derived IB in 
the vicinity of the VB maximum and the Mn 3d partial 
density-of- states around binding energy Eb ^ 3 eV, as 
shown in Fig. [2](g). It is important to note here that to- 
gether with the IB the hu — 640 eV resonance also pops 
up the LH band. Figures [Sfj) and[2](k) show the linear- 
polarization dependence of the EDCs around the F and 
at the X points measured at the Mn L3 resonance. With 
p-polarization, which exposes the LH band of host GaAs, 
the difference of the EDCs taken at 640 eV and 640.5 eV 
[the shaded area in Fig. El^j)] representing the resonant 
contribution disperses as a function of /c, closely follow- 
ing the LH band. These manifest the IB hybridization 
with the LH band. In contrast, the EDCs taken with s- 
polarization, which exposes the HH band, show only the 
/c-independent intensity of the IB, suggesting only an in- 
significant hybridization with the HH band. The results 
indicate that the IB hybridizes with the LH band but not 
with the HH one having different wavefunction character 

Figure [3l^a) shows a summary of the VB structure of 
(Ga,Mn)As near the F point. Here, the positions of 
the LH, SO, and HH bands were estimated from the 
Lorentzian fits of momentum-distribution curves (MDCs) 
of the experimental ARPES images. The obtained dis- 
persive bands were fitted in turn with quadratic polyno- 
mial functions. The estimated positions of the LH, HH, 
and SO band maxima are dX Eb ~ 75 meV, 85 meV, and 
336 meV, respectively, providing us with further evidence 
that VB of the host GaAs is located below E^. Fig- 
ure [3jb) shows a schematic diagram of the VB electronic 
structure of (Ga,Mn)As which embeds our main exper- 
imental findings: I. Formation of a non-dispersive Mn 
3(i-derived IB is mostly related to the substitutional Mn 
impurities. The absence of its dispersion demonstrates 
the random distribution of the Mn ions in (Ga,Mn)As, 
with the crystal momentum k being not a good quantum 
number for this band. Therefore, the formation of the 
IB responsible for the ferromagnetism can be theoreti- 
cally understood in the framework of local models. The 
central position of the IB is located below Ey] II. The 
VBM of host GaAs is also located below E^', III. The 
Mn 3d band shows /c-independent hybridization with the 
VB, specifically, with the LH band. 




FIG. 3: Valence-band structure of (Ga,Mn)As. (a) Band dis- 
persion around the F point near along the F-K-X line. IB 
denotes the Mn 3(i-derived impurity band. The circles are 
peak positions of the momentum-distribution curves (MDCs) 
fitted with the Lorenzian function, reflecting the HH, LH and 
SO bands. The solid lines are their fit with quadratic polyno- 
mial function centered at the F point to the band dispersion, 
(b) Density of states of the Mn 3d-derived IB embedded into 
the VB in host GaAs. (c) Zhang-Rice single-like bound mag- 
netic polaron around the doped Mn ion. (d) Schematic image 
of overlap among the magnetic polarons in (Ga,Mn)As. 



Our picture of the IB formation and the associated fer- 
romagnetism in (Ga,Mn) As may be naturally understood 
starting from the Anderson impurity model, which de- 
scribes the transition-metal d orbitals and the host band 
electrons hybridizing with each other. When hybridiza- 
tion between the d orbital and the host ligand band is 
strong enough, this model predicts the formation of a 
split- off Mn-impurity state located above VBM for a Mn 
ion embedded in GaAs host [sj , where the Mn ion weakly 
bounds to a hole carrier. The schematic image is shown 
in Fig.[3fc). This picture is analogous to the Zhang- Rice 
singlet (ZRS) state in high- Tc cuprates \2§\ and well ex- 
plains the binding energy of the Mn acceptor level in 
GaAsiMn (Mn concentration of 1.1 x 10^^ cm"^), ^ 110 
meV above VBM estimated from luminescence measure- 
ments 0, [m . According to the percolation theory of 
BMP, the non-monotonic temperature dependence of the 
transport properties of (Ga,Mn)As is qualitatively ex- 
plained [IJ], as due to the hole localization around the 
Mn ions. From cluster- model calculations of the Mn 2p 
core- level photoemission spectra [32|, the exchange in- 
teraction between the d magnetic moment and carrier 
spin for the split-off state NP has previously been es- 
timated as — 1.2 ± 0.2 eV, where negative sign means 
antiferromagnetic magnetic interaction between the 3d 
moment and carrier spin. In this case, most of Mn 3d 
character hybridized into the VB goes to the split-off 
state and forms the IB, and the exchange splitting of 
the host GaAs band remains very weak, as observed by 
the resonant tunneling study 0, . The local-density 
approximation calculations have predicted the existence 
of the IB as the antibonding states arising from the hy- 
bridization between Mn 3d state and ligand band [7], in 
contrast to the spin splitting of VB which is expressed 
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as ^ xN/3{S) in the picture of mean- field theory [sl, 
Following these arguments, we conclude that the forma- 
tion of the IB is derived from the split-off state result- 
ing in the ZRS-like BMP, with an overlap among the 
BMPs aligning the magnetic moments of the Mn ions in 
(Ga,Mn) As [Fig. [3fd)] and, therefore, the percolation of 
BMPs is the origin of the carrier-related ferromagnetism 
in (Ga,Mn)As. Generalizing our methodology, we have 
demonstrated that SX-ARPES allows observation of the 
Mn 3cZ-derived IB in (Ga,Mn)As and the method will 
be also useful for other DMS systems. The promised 
physical information will deepen the fundamental under- 



standing of the carrier-induced ferromagnetism in DMS 
which will help development of future spintronic device 
applications. 
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